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Abstract

The texture of a polycrystalline material is defined by the
orientation distribution function (ODF) of its crystallites. Be-
sides this, the misorientation distribution MODF of neighbou-
ring crystals may be important. Although this applies equally
to all crystalline materials, texture studies have extensively
been done in metals and not so much in ceramics and poly-
mers. This is partly due to experimental difficulties of texture
measurement in these materials which have only recently been
overcome. Besides this, two deviating definitions of the term
"texture" are being used. These are the "shape texture" in
ceramics and the "chain texture" in polymers.

Textures in ceramics were studied quantitatively mainly in
hard magnetic materials. They are, however, also most im-
portant in HTc-superconductors, in ferroelectrics, in transfor-
mation toughened ceramics, in ceramic surface layers, copper-
bonded Al20a substrates and probably in many others. Tex-
tures in the crystalline part of polymers have been studied
quantitatively using ODF-methods. "Momenta" of the orien-
tation distribution function of the crystalline as well as the
non-crystalline part can, however, be obtained more easily by
physical methods. This is sufficient if the correlation between
preferred orientation and anisotropic properties is considered.
Texture formation by deformation is, however, related to the
complete orientation distribution function.

1 INTRODUCTION

The term "texture" originally designates the arrangement of fila-
ments in a woven tissue i.e. a non-metallic material. Fig.1 shows
four tissues with four different textures. Also the arrangement of
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Fig.1 Woven tissues with
ferent textures.

four dif-

Fig.2 Two pieces of wood with
different textures.

Fig.3 A match cut parallel to the
fibres.

Fig.4 The texture of a polycrystalline material is defined by
the orientation distribution function of the crystalites.
The orientation of an individual crystalite is described
by the rotation g which relates the crystal coordinate
system Ks to the sample coordinate system K.
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the fibres of wood is called "texture". Fig.2 shows the textures of
two pieces of wood. The textures of these materials are responsible
for the differences of mechanical properties in different directions i.e.
the anisotropy of properties. Fig. 3 shows a match which must be
cut parallel to the fibres, otherwise it would break immediately.

Lateron, the same term "texture" was also used for the internal
structure of organic fibres which is strongly anisotropic, too. The
molecular chains in such fibres often have a preferred orientation
parallel to the fibre axis which shows up, for instance, in X-ray dif-
fraction photographs. It was then only a small step to applying the
same term "texture" also to drawn metal wires, the diffraction pho-
tographs of which bear some similarity to the anisotropic diagrams
of polymer fibres.

In metal wires, the texture describes the orientation distribution of
crystallites. This same definition was then completely generalised to
the orientation distribution of crystallites of metals of any kind (not
only wires) and finally to the orientation distribution of crystallites
in any polycrystalline material.

2 TEXTURES IN CRYSTALLINE MA-
TERIALS

The texture of a polycrystalline material is defined by the orientation
distribution function (ODF) of its crystallites. This is shown sche-
matically in Fig.4. In order to define the crystallographic orientation
of an individual crystallite (or grain) a crystal coordinate system Ks
has to be specified (e.g. given by the crystallographic axes [100] [0101
[001] in the cubic case). Another coordinate system K is related to
the external shape of the sample (e.g. rolling, transverse and nor-
mal direction in rolled sheet). The crystal coordinate system Ks is
related to the sample coordinate system Kt by the rotation g which
thus specifies the orientation of the considered crystal

K =g.K (1)

The orientation g may be specified in many different ways, two of
which are shown in Fig.5. The crystallographic directions parallel to
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[hkt]

[uv
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Fig.5 Two particular specificati-
ons of crystal orientation g.
a) Ideal orientation (hkl)

b) Eulerian angles,

,,Pz o2 o2

Fig.6 Representation of orientations in the Euler space.

a) Individual orientation point.

b) Orientation points of all crystallites of the sample.

c) Continuous orientation density function.

30’ ._.__._ A
0’1 90

Fig.7 Orientation distri-
bution function ODF, re-
presented by equilevel sur-
faces in the three dimensio-
nal space or by equilevel li-
nes in two-dimensional sec-
tions.
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rolling and normal direction of a sheet have been used to specify so
called "ideal orientations" mostly in metals. The Eulerian angles are
preferred to describe continuous orientation distributions, and also
the coordinate tranformation matrix is a possible description of the
orientation g

g g
gs gs gss

(hkl)[uvw]- ( 2} (2)

The three Eulerian angles 7, ,I,, 72 can be plotted as cartesian
coordinates (in a three-dimensional space). Each orientation is then
specified by a point in this orientation space (i.e. the Euler space),
Fig.6a. The orientations of all crystals of a material are represented
by a "cloud" of orientation points, Fig 6b, out of which finally a
continuous orientation density function (ODF) can be constructed
as is shown schematically in Fig.6c. The texture of the material
is then characterized by the orientation distribution of the volume
fraction of crystals in the orientation g

dV/V
dg

ODF (3)

This function can be represented by equi-density lines or surfaces in
the Eulerspace as is shown schematically in Fig.7.

Orientation distribution functions can be represented in the form of
a series expansion.’

T’"() (4)

Where the T’ are harmonic functions of the orientation angles
0, q’, . The distribution function is then completely characte-
rized by the infinite series of coefficients C’. The coefficients can
be expressed by the functions themselves

(2, + 1) f f(g)- T’(g)dg -< T"(g) > (5)

They are the orientation mean values of the orientation dependent
quantities T’(g). These latter quantities have also been called the
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I

Three kinds of general properties common to all poly-
crystalline materials.

a) Macroanisotropy.

b) Microheterogeneity.

c) Boundary heterogeneity.

K K---g--. K

Fig.9 Orientation difference (mi-
sorientation) of neighbou-
ring crystals.
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"momenta" of the orientation distribution function f(g). Appro-
ximate representations of the orientation distribution function can

then be obtained with only a small number of low-order momenta.

Textured polycrystalline materials generally exhibit three kinds of
properties which are closely related to crystal orientation and texture
as is shown schematically in Fig.8.

Since most of the physical properties of crystallites are aniso-
tropic (micro-anisotropy) the material as a whole may also ex-

hibit an anisotropy if the orientation distribution of the aniso-
tropic crystals is not random (macro-anisotropy), Fig.Sa. This
applies to many physical and technological properties and it is
the reason for most of all technologically motivated texture
studies.

The same micro-anisotropy of the crystallites gives rise to dis-
continuities of the property values accross the grain boundary
as is shown schematically in Fig.Sb. An example of this effect
are internal stresses of second kind which arise as a consequence
of different thermal expansion of neighbouring grains.

Finally, the grain boundaries themselves may have deviating
properties compared with the bulk properties f the material.
As an example the diffusion coefficient may be mentioned, the
value of which may be several orders of magnitude higher than
that of the bulk material (Fig.8c).

The crystallographic anisotropy of a physical property can be descri-
bed by the ratio of highest to lowest value of an appropriately chosen
parameter depending on crystal direction (e.g. Young’s modulus)

The macroscopic anisotropy is then given
anisotropy and a texture factor T.a’4

by the product of crystal

Amactosc. Actvstal T (7)

The texture factor depends on the orientation distribution of the
crystallites end it is zero for random orientation distribution. The
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Fig.lO In a polyphase structure
each phase has its own
ODF and grain boundary
MODF. Each pair of phases
has it own phase boundary
MODF.

CLASSES OF POLYCRYSTALLINE MATERIALS

A) TECHNOLOGICAL MATERIALS

.M.E!A..L. .Ce..ra..mi.cs. POLYMERS

Base metals Silicates Thermoplastics
Rare metals Oxides Duroplastics
AIloys Nitrides Elastomers
Intermeta] ics Carbides

COMPOSITES

Fig.ll

B) NATURAL MATERIALS

GEOLOGIC )!

Minerals Bones
Ores Shells
Rocks Bladder stones
Salts Teeth
Ice

Classification of polycrystalline materials.
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macroscopic anisotropy and its dependence on the materials texture
is the main reason for most of all technologically oriented texture
studies. It is also to be mentioned that the texture factor can be
expressed by only a few low-order texture coecients C’ (or mo-
menta) defined in eq.5.

The other two properties shown in Fig.8, i.e. microheterogeneity
and boundary heterogeneity depend primarily on the orientation dif-
ference 9 of neighbouring crystals which is illustrated in Fig.9. The
two crystal coordinate systems of the two neighbour crystals are re-
lated to each other by the orientation difference (or misorientation)

A misorientation A9 can be specified by Eulerian angles, too, similar
to eq.2. Then the misorientation density function F(Xg), the MODF,
can be specified in a very similar manner to the ODF.s

 A/A
= F(Ag)- F(@7) MODF (9)

Thereby dA/A is the area fraction of boundaries having the misori-
entation Ag.

If the crystalline material consists of several phases Fig.10 then
an ODF has to be defined for each phase and MODFs have to be
defined for each kind of boundaries, i.e. grain and phase boundaries
of each phase or each pair of phases.

The ODF is mainly obtained from pole figures by the mathematical
process of pole figure inversion. The pole figures can be measured
by X-ray neutron or electron diffraction. The MODF can only be
obtained from individual grain orientation measurements which are
mainly carried out by electron diffraction.

The definitions of the ODF, eq.3, and the MODF, eq.5, apply to
any kind of crystalline materials a classification of which is given in
Fig.ll. The application of these methods in the various classes of
materials has been, however, quite different,a

Metals

Texture studies in metals have been carried out virtually im-
mediately after the invention of X-ray diffraction,s
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A comprehensive survey of the occurence of textures in all basic
metals and their influence on the materials properties has been
given by Wassermann and Grewen in 1962. In this work,
the texture is mainly represeneted by pole figures which were
interpreted in terms of ideal orientations.

ODF-analysis in metals was used for the first time in
1965.’ A comprehensive description was given by
Bunge 1982. Today, ODF-analysis in base-metals can be re-

garded as a routine procedure.

Texture analysis in metals is also used, today, as an on-line
process in continuous metal production lines.2

ODF-analysis in intermetallic materials is just at the beginning.a

Ceramics

Texture studies (in the above mentioned sense) in ceramic ma-
terials have been first applied to hard magnetic ferrites ha-
ving uniaxial anisotropy (macroscopic as well as microscopic).
Quantitative pole figures could be related quantitatively to the
anisotropy of remanence and other physical properties.4’s

Complete ODF analysis in ceramics has only been used recently.

Polymers

Textural anisotropy in polymers has been considered since a
long time.’s’

Complete ODF analysis was also introduced rather early. 0,

Contrary to the situation in metals, it has found, however, only
much less practical application thus far.’2 This situation is
about to change only in the last few years.2s

Geological materials

In geological materials textures have
time mainly in two ways"

been considered for a long
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|III)

Fig.12 Texture determination (cold rolled copper).
a) Intensity disribution in the 2-diagram.
b) Pole figure of he most importent diffrection peaks.
) OD ealeuleted from ple figures.
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Crystal orientation of optically transparent materials can
be obtained from birefringence, using polarised light. This
method was mainly used for texture investigations of op-
tically uniaxial materials such as quartzite.*
It allows only the c-axis distribution to be determined
and it is rather time consuming.

Also X-ray diffraction has been used to determine pole
figures.

Complete ODF-analysis was introduced much later.2s It is, ho-
wever, coming more and more into use, now.

3 DIFFERENCES IN TEXTURE ANA-
LYSIS BETWEEN METALS AND
NON-METALS

Texture analysis is mostly carried out by polycrystal diffraction using
X-rays, neutrons or electrons. By scanning the Bragg-angle #, a
polycristal diffraction diagram is obtained. The intensity of any dif-
fraction peak depends on the volume fraction of crystals which are
in diffraction position in the considered sample direction. Hence,
the intensity ratios of the diffraction peaks are a first (qualitative)
indication of the texture of the material.

The next step may be to rotate the sample through all possible
angular positions (c,/) and to measure the intensities as a function
of (a,/). One thus obtains the pole "figures" corresponding to the
diffraction peaks (hkl).
Finally, from several such pole figures the ODF can be calculated
using a mathematical procedure called "pole figure inversion" This
is shown schematically in Fig.12.

Hence, the definition of the texture, i.e. the ODF, according to eq.3
and the method of how to measure it is essentially the same for all
crystalline materials. Thus, the question arises why texture studies
have been done so extensively in metals but only very little (at least
with the quantitative ODF-methods) in non-metallic materials. This
has different reasons which will be considered in the following.
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Fig.13

I0" ZO’ 30’ 40’ 50’
Bragg angle

Diffraction diagram showing a large number of partially
and totally overlapped peaks.

TU-CLAUSTHAL
Maximum attributes: Sample position:

MAX. VALUE- 15793 MCA CHANNEL- 114
METALLPHYSIK 2TH ANGLE 2t.40 D-VALUE 4.t49 PHI- 0.00 [deg]

PSD
DRIVING MODE

Date/t ime:
2-MAY-IggO %0:0

INTENSITY

lO. t5.0 ;10.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0
8. 751 5. 901 4. 436 3. 559 2. 976 2.56 2.25; 2.0 t3 t. 823 i. 668 %. 54%

MCA CHANNEL 2THETA / d-VALUE

Fig.14 Diffraction diagram of polyethylene with only a very
low number of suffiently strong diffraction peaks.
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Experimental complications

Tab. 1 summarizes some of the differences between metals, ceramics
and polymers. Whereas metals are, in most cases, completely cry-
stalline, the other two types of materials may contain considerable
amounts of non-crystalline "phases". Some types of ceramics are
not "dense", they may contain up to say 20% of pores. Hence, the
properties of such materials may be dominanted by the amount, size,
shape and arrangement of pores, rendering the influence of texture of
the crystalline part much smaller. Besides this, also a non-crystalline
glass phase may be present. In polymers, the "crystallinity" may
range from zero to 100%. The definition of texture as given above
applies, of course, only to the crystalline part.

A second distinction is crystal symmetry. Whereas the base metals
have highest symmetries i.e. cubic or close-packed hexagonal, the

symmetries of ceramic materials range from cubic to triclinic and
those of polymers are mostly orthorhombic to triclinic. This requi-
res the developement of new computer programs and the execution

of these programs requires more storage space and longer calcula-
tion times. Along with lower crystal symmetries, the non-metallic
materials have often much higher lattice parameters. Low symmetry
and high lattice parameters result in a large number of diffraction

peaks. This, in turn, leads to peak overlapping, especially at higher
tilt angles a in pole figure measurement. An example of such a dif-

fraction diagram is shown in Fig.13. Hence, texture analysis in these

materials requires peak separation techniques. The first step in this

direction is the use of a position sensitive detector combined with

peak profile analysis programs which allow to determine the correct

integrated intensity of broadened and overlapped peaks.2 This pro-
cedure of peak separation must, however, fail if the peak positions
are too close to each other or if they are identical at all. But even

this case can be handled by modifying the pole figure inversion pro-

grams in such a way that superposed pole figures can be used as

input data.t’2s’29

But also the opposite case may be encountered. Fig.14 shows a dif-

fraction diagram of a polymer material which has only a low number
of sufficiently strong diffraction peaks. In this case the mathema-
tical procedure of pole figure inversion may suffer from shortage of

experimental input data: the computer codes for pole figure inver-
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Material Non-
crystalline
fraction

Crystal
symmetry

Lattice
parameter

Lattice
perfection

(Line
width)

Diffracted
intensity

Metals

Ceramics

Polymers

Pores
glassy
phase

non-
crystalline

phase

high
cubic

hexagonal
high-low
cubic

triclinic
low

orthohombic
monoclinic
triclinic

low

high

high

5...20/

high

narrow)
high

narrow)

low

(broad)

strong

medium

low

Tab.1 Particular features of materials related to texture analysis

sion must then be modified in such a way as to include all additional
information about the ODF that can be made available. A first step
in this direction is to make consequently use of the positivity of the
ODF and the pole figures,zs’z

Further experimental complications may be low diffraction intensi-
ties which require long measuring times and lead to low peak-to-
background ratios.

And finally in some materials the texture is "camouflaged". This
means that the strongest diffraction peaks (see Fig.12) may corre-
spond to rather flat pole figures although the texture itself is by no
means flat. (An example of such a camouflaged texture will be shown
lateron).
Hence, it can be concluded that the experimental complications,
which stand in the way of texture analysis in non-metallic materials
can be overcame today by using first of all position sensitive detectors
and more sophisticated computer codes for the calculation of ODF
from diffraction data.
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KA g ; KB

Fig.15 Definition of the "shape"-
orientation of a grain in a
polycrystal sample.

Fig.16 Shape texture of a sinter
forged sample of AlcOa

Fig.17 Grain structure of A1MnI. with strong cube texture
(but no shape texture).
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Alternative definition of the term "texture"

Besides the experimental complications in texture determination in
non-metals, there are, however, two further complications which con-
cern the very definition of what we call "texture". These are the
"shape texture" often considered in ceramics and the "chain tex-
ture" often considered in polymers.

3.2.1 The shape texture

If the crystallites of which the material consists have a particular
non-spherical shape (e.g. a three axial ellipsoid) then the crystal
coordinate system can be fixed to the shape of the crystal (observed
in the microscope) rather than to the crystal lattice (observed by
X-ray diffraction). This is shown schematically in Fig.15. Formally,
the definition of the orientation g remains the same as that given in
eq.1 and also the definition of the ODF remains the same as in eq.3.
Only the definition of the crystal coordinate system Ks is different.

The shape of crystals is often plate-like or needle-like. Then only
one axis of the shape coordinate system can be fixed i.e. the needle
axis or the plate normal direction. A rotation of the particles about
this direction cannot be distinguished. In this case, the shape texture
"sees" only two of the three Eulerian angles namely , and q,. The
angle , which describes a rotation about the crystal Z-axis remains
unresolved. The shape ODF is then only two-dimensional

v/v = f(7, @) (10)

This means, it is only a "shape pole figure".

If the shape of the particles is crystallographically determined, then
the shape coordinate system may be strictly related to the crystal
lattice by which the crystal coordinate system eq.1 was defined. In
this case both definitions, the shape texture and the lattice texture,
are essentially the same. The normal directions of plate-like par-
ticles as well as the axis direction of needles are often parallel to
the crystall?graphic c-axis whereas the axes a and b can often not
be discerned. In this case the c-axis distribution can be obtained
by shape texture methods. In ceramics, one often encounters the
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Fig.18

C

c
CH

A polymer chain.a Fig.19 Polymer chains in the cry-
stalline and non-crystalline
part

Fig.20 Distribution
of X-ray diffraction inten-
sities in two non-crystalline
polymers stretched in verti-
cal direction a
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situation that the shape texture is related to the "lattice" texture
whereas in metals this is mostly not the case

= lattice texture (ceramics)shape texture
# lattice texture (metals) (11)

Fig. 16 shows a sinter-forged A1203 sample which has a pronounced
shape texture3 and at the same time a lattice texture with the ba-
sal plane perpendicular to the press direction,a On the other hand,
Fig.17 is a recrystallized A1Mn sample with strong cube texture but
with no shape texture.

3.2.2 The chain texture

Polymer materials consist of long chains Fig.18.a For many questi-
ons, the orientation of the chain axis is much more important than
the angular position of a rotation about the chain axis. Then the
orientation distribution of the axes may be considered as the chain
texture,as

dV/V
= P(7 I,) chain texture (general) (12)

Thereby dV/V is the volume fraction of chains, the axes of which
have the direction described’by 7 and ,I, with respect to a sample
coordinate system.

The chains may be strictly ordered in the crystalline part of the
material or they may be "tangled" in the non-crystalline part. The
above definition of the chain texture applies to both parts, Fig.19.a

Also in the non-crystalline tangles certain directions may be prefer-
red to others.

If we know the ODF of the crystalline part, then the chain texture
of this part can be deduced immediately. Let as assume that we
have chosen the crystal coordinate system in such a way that the
crystal c-axis is the chain direction then the chain texture is simply
the integral of the .ODF over

P( q’) = f( q’ 9’2) (13)

Most generally speaking, if the chain axis is the crystallographic di-
rection h then the chain texture is given by the h-pole figure which
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X-ray diffraction diagrams of crystalline polypropylene
after different degrees of stretching in perpendicular
direction,aa

Fig.22

0 0
(l) (A

X-ray diffraction diagram of non-crystalline polysty-
rene befor and after stretching.
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can be deduced from the ODF. if the material is non-crystalline
then the chain texture can be calculated from diffuse X-ray diffrac-
tion diagrams in the wide angle range (WAXD).34 Fig.20 shows, for
instance, the intensity distribution of two uniaxially stretched po-
lymer samples. From diagrams like that, it is, in principle,possible
to calculate the complete chain texture according to eq.13s. If the
sample was uniaxially stretched (as in Fig. 20), then the diffraction
diagram and hence the chain texture is independent of the angle 0
which measures a rotation about the stretching axis. In this case
eq.13 simplifies to

dv/v
= P(q)) chain texture (uniaxial) (14)

Some physical properties of polymers depend mainly on the chain
texture, independent of whether the chains form crystals or not. In
this case a similar mean value expression as eq.7 holds if only one
replaces the term "crystal" by "chain segment" and the ODF f(g) by
the chain texture P(0 q)). If one knows the anisotropy of an indivi-
dual chain segment and measures the macroscopic anisotropy then
one obtains information obout the texture (in this case the chain
texture). This procedure does, however, not give the complete chain
textures, it rather allows to determine the low-order "momenta" of
this function similar to those defined in eq.5 for the ODF. Physical
properties, which have been used, in this sense, for texture analysis
are, among others, NMR, infrared dichroism or fluorescence polari-
sation, s,s

Hence, the methods of texture analysis in polymers can
rized as shown in Tab.2.

be summa-

4 TEXTURES IN POLYMERS

Polymers can develop very high degrees of preferred orientation, sT.as

Fig.21 shows, for instance, X-ray diffraction photographs of crystal-
line polypropylene ss after different degrees of drawing. In the in-
itial state the texture was virtually random, whereas the last picture
shows a rather sharp point diagram which is due to a very sharp
fibre texture. The same is also observed in non-crystalline materi-
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o 0.1

C

Fig.23

2 3 4

The second momentum of the orientation distribution
function of polystyrene after stretching with different
strain rates as a function of the draw ratio.e

Fig.24

/PVCj.

PVC#

PC,

Variation of some physical properties parallel and per-
pendicular to the stretching direction of several poly-
mers as a function of the draw ratio,s=

PC = polycarbonate
PVC = polyvinylchloride
PMMA = polyacrylate
PS = polystyrole
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O’ 10 20’ ..,0

0 50 60’ 0

80 90 O0 110

Fig.25 ODF anaJysis in biaxially drawn polyethylene.
a) 29-diagram.

b) Pole figures.
c) ODF.
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Method [] structuralpart ODF chain texture

WAXD

physical
properties

crystalline

non-crystalline
crystalline

+
non-crystalline

complete complete

complete
incomplete
(momenta)

Tab.2 Methods of preferred orientation analysis in polymers

als. Fig.22 shows X-ray diffraction photographs of non-crystalline
polystyrene before and after drawing,as

The texture formation can be followed quantitavely as a function of
the drawing ratio as is shown in Fig.23 for polystyrene samples drawn
with different strain rates,as The texture parameter < P2(cos ) >
is the second momentum of the chain texture (eq.14) determined by
the anisotropy of infrared dichroism.

The second order momentum < P2(cos ) >,. does not describe the
chain texture completely. Nevertheless, it is an important parame-
ter since the macro anisotropy of many physical properties depends
only on low-order momenta rather than on the complete distribution
function. This is a quite general fact which holds for the properties
of crystalline materials as well (If eq.7 is expressed in term of coef-
ficients C’ then only very few of them enter the expression,x The
higher order terms are, so to speak, "averaged out"). Hence, many
physical properties of many polymers show a similar dependance on
the drawing ratio as the momentum shown in Fig.23. This is shown
for instance in Fig.24. 2

If the process of texture formation itself is to be studied, then the
information contained in the low order momenta is, of course, not
sufficient. It is then necessary to measure pole figures and to calcu-
late the ODF as is shown for instance in Fig.25 for the crystalline
part of a biaxially drawn polyethylene sample a0
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Texture and magnetic anisotropy in Ba-ferrite 4,s

a) pole density of the (0008) reflection after sintering
at differnt emperatures.
b) Relative remanence as a function of the angle to the
preferred is.

’1 ’"’ ’"1
YBozCu30-/.6

single crystal

Fig.27 Upper critical

( 7(I

field
of YBaCusO_,, as a func-
tion of temperature, paral-
lel and perpendicular to the

o o o a-b plan 40
T (K}
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Material

Porcelaine
Steatite
Titanates BaTiOa

AlTiO.
Zirconium oxide
Ferrites

Application
Table ware
Isolators
Ferroelectrics
Automobile motor parts
Construction materials
Magnetic materials

Aluminium oxide
Berylium oxide
Boron carbide
Tungsten carbide
Alone
Silicon nitride
Boron nitride
Aluminium nitride

Substrates
Substrates
Cutting tools
Cutting tools
Optical applications
Construction materials
HT-lubrication
Substrtes, Isolators

Tab.3 Some classes of ceramic materials

5 TEXTURES IN CERAMICS

Several classes of ceramic materials are summarized in Tab.3. They
are used for different purposes, whereby different physical properties
are essential such as mechanical properties in the structural materi-
als, magnetic properties, superconductivity, ferroelectricity, thermal
conductivity, expansion, and others. In many cases these properties
have extreme crystal anisotropies compared with the anisotropies
known in highly symmetric metals. Hence, textures play an import-
ant role in these materials.

Ceramic magnets were the first ceramic materials in which the pro-
duction of textures and their influence on materials properties was
studied quantitatively more then twenty years ago Fig.26 shows, for
instance the basis pole figure (0008) of Ba-Ferrite samples sintered
at different temperatures.’
It is seen that the texture increases with increasing sintering tempe-
ratures. The textures were represented in form of a series expansion
similar to eq.4. Using eq.6 the remanence can then be calculated as
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Fig.28
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ODF-anMysis in
magnetic field.

a) 20-diagratom

b) Pole figures

c) ODF
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is also shown in Fig. 26.

HT-superconductors are a second example of the importance of
textures in ceramics. In YBaCuaO_, for instance, the critical field
is extremely anisotropic as shown in Fig.27.4 This materiaJ must be
applied therefore with the direction of the electric current in the
basal plane a-b. The most rigorous way how this can be achieved
is to use single crystals, e.g. mono-crystalline films deposited on an
appropriate substrate. 4 Such films may grow truely monocrystaJline
(on a monocrystalline substrate) or with only basal plane orientation,
i.e. with a strong c-axis fibre texture. Since the in-plane anisotropy
in these materials is much smaller than the normal anisotropy shown
in Fig.27 a strong fibre texture is similar to a monocrystal except
for the influence of grain boundaries. The fibre texture has a quite
different MODF, eq.9, compared with a virtually monocrystalline
layer.

The production of moncrystalline layers is the most efficient way,
but at the same time it is also the most expensive way of ori-
enting HT-superconducting materials. Much effort has therefore
been devoted to producing highly oriented samples using true po-
lycrystal methods such as powder deformation and sintering,4’4s

electrophoresis44 or magnetic alignment4s of powder particles. Also
directional solidification from the melt seems to be a promising me
thod.’4 Fig.28 shows the ODF calculated from pole figures of ma-
gnetically aligned YBa2CusO_, powder. The maximum orientation
density reaches a value of 30 times random. This is already a
strong texture jugded by standards usual in metals. Because of the
extreme anisotropy, Fig.27, however, this texture is not yet strong
enough. Besides this, the material showed a rather strong porosity
so that is was unsuitable for technological application. Fig.28 illu-
strates three "levels" of texture investigation used in this materials

1. Comparison of peak-heights in the 2tg-diagram.

2. Measurement of pole figures.

3. Calculation of ODF from pole figures.

Many texture studies in HT-superconductors have only used the
first "level". This is sufficient to distinguish a very sharp basal-
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transformation in ZrO2.48
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b) Diffraction peaks of the
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plane texture from virtually random distribution. The second "level"
gives already much more information about the texture. It suffers,
however, from abundant peak superposition in these materials which
can only be resolved by using the third "level" i.e. the ODF.

Zirconium oxide ZrO2 is another "high-tech" ceramic material in
which textures play an important role. The high toughness of this
material is due to a phase transformation from a tetragonal to a

monoclinic phase. This transformation is martensitic with a definit
orientation relationship between the two phases. The higher symme-
try of the tetragonal phase gives rise to several symmetry-equivalent
transformation "variants" which are being chosen in such a way that
their related shape change follows the applied stress. This is the re-

ason for the toughness of the material. Hence, phase transformation
gives rise to a texture transformation which depends on the direction
of the applied stress as is shown in Fig.29.s Furthermore, the amount
of shape change (and hence the toughening capacity) depends on the
texture of the tetragonal phase which should be properly adapted to
the direction of the occurring stresses.

Ferroelectric materials are another class of ceramics with strongly
anisotropic properties, e.g. in BaTiOa and others. Fig.30 shows the
principles of the polarisation process.a The magnitude of the ferro-
electric effect is thus strongly anisotropic in the monocrystals and
hence it depends on the texture in polycrystalline material. Table
4 gives, for example, the anisotropies of several ferroelectric pro-
perties of textured lead niobate.5’ The development of texture in
Ba-titanate was studied, for instance, by pole figure measurement
after high temperature plastic deformation.’s

Aluminium oxide is one of the most important structural ceramics.
Anisotropy of mechanical properties was found to be essential in
AlcOa substrates which are copper bonded on both sides (Fig. 31).
Compounds of this type are exposed to thermal cycling for example
in the range between 120C and room temperature. After a certain
number of cycles this leads to fracturing parallel to the substrate. It
could be shown that this effect is closely related to the anisotropy
of the material due to the texture of the substrate. This texture is
however "caxnouflaged" as is explained in Fig.32: It turned out that
the material develops a basal plane texture i.e. the hexagonal basal
plane of the crystallites is preferrentially parallel to the plane of the
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Poling
Direction

X
Y
Z
X
Y
Z
X
Y
Z

Y
Z

X
340

390
o12o

0.23
19

Measuring direction
Y

310 rdaive
32o
26o
0.20
0.24 factor
0.33
25
24 quality
20 factor

300
410

0.22
0.29

25
20

 85o i550
1950 1460

1690 1670 1870

permittivity

coupling

mechanical

Frequency
Constant

Tab.4 Electrical properties of textured PbNb20s

substrate. This type of texture can be best seen in the basal plane
pole figure. The basis reflexions have, however, very low structure
factors i.e. their reflected intensities are very low. The (0006) reflec-
tion is, for example, < 1% of the strongest peak in the diffraction
diagram. The pole figures of the stronger reflexions, which can be
easily measured, are flat, however, as is also seen in Fig.32. Judged
by these pole figures the texture was classified as being weak. This
is, however, not true as can be seen from the ODF calculated from
the pole figures as well as from the (0006) pole figure which was

"re" calculated from the ODF. The ODF and this latter pole figure
reach maximum density values of ten times random (in some cases
even up to 30). These are strong textures. The degree of the texture
correlates with the number of thermal cycles which the substrate
can stand without breaking. This is shown in Fig.33.as The highly
textured substrates have a much lower thermal resistance than those
with flat textures. If this relationship can be extrapolated back then
it should be possible to produce substrates with even higher thermal
resistance. The physical mechanisms leading to texture formation in
these material are, however, not yet fully understood. It has been
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Material _L c II ,= [lO ZC]
AlcOa
Al2TiO
3A103 2SiO2
TiO2
ZrSi04
CaCOa
SiO2 (quartz)
NaAlSi3Os (albite)
C (graphite)

8.3 9.0
-2.6 +11.5
4.5 5.7
6.8 8.3
3.7 6.2
-6 25
14 9
4 13
1 27

Tab.5 Thermal expansion coefficients

found that the "green" foils have already a texture which is then
modified strongly by the subsequent "firing" process. The physical
reasons for the texture dependance shown in Fig.33 are also not yet
fully understood. Model calculations indicate that the strongly tex-
tured substrates develop stronger thermal stresses during thermal
cycling as a consequence of a greater difference in thermal expan-
sion between copper and AlcOa. But also the anisotropy of cleavage
(cleavage plane is the basal plane) must be taken into consideration.

The anisotropy of thermal expansion is a most important factor in
many ceramic materials. Table 5 shows these values for some im-
portant materials.a The values for aluminium titanate and calcium
carbonate are to be emphasized here since they are negative in the
basal plane. In these materials the texture described by the ODF
and also the orientation correlation described by the MODF have a

strong influence on the properties of polycrystalline samples.

Non-metallic coatings on metals are another special type of cera-
mics. As is shown, for instance in Fig.34 TiC-layers may develop a

strong fibre texture which has in this case the (111)-plane parallel to
the substrate plane,s This texture was found to increase with incre-
asing thickness of the layer as is seen in Fig.35 (but also decreasing
texture sharpness has been observed with increasing layer thickness
in other cases). The texture of the coating may have strong influence
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Fig.39 A sea shell.
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on the mechanical properties such as, for instance, erosion resistance
as is shown in Fig.36 for TiN layers,s In this category also oxide
scales on metals have to be considered. Fig.37 shows schematically
a polycrystalline oxide layer on a polycrystalline metal. The oxide
layer grows on the metal by orientation dependent solid state pro-
cesses. Hence the two textures fo(g) and fM(g)in Fig.37 will be
related to each other. In order to understand the oxidation process,
also the MODFs of the grain boundaries in both materials F(Ag)
and FMM(A9) are important. They have an influence on metal or

oxygen diffusion. Finally, the phase boundary MODF FM(A9) will
be related with the adhesive strength of the oxide layer. As an ex-
ample, Fig.38 shows the (001)-pole figure of Nb2Os on a Niobium
sheet,ss’sv It is seen that the orthorhombic sample symmetry of the
substrate is inherited in the texture of the oxide layer by an oriented
phase transformation process.

Sea shells, finally may be looked at as being "biological ceramics".
Fig.39 shows a shell, consisting mainly of polycrystalline CaCOa.
The texture of the shell is shown in Fig.40. The sample symmetry
of the texture is orthorhombic indicating preferred orientation with
respect to the shell plane as well as to a preferred direction in the
plane.

6 CONCLUSIONS

The texture of a polycrystalline material is defined indepen-
dently of the nature of the material, i.e. metals, ceramics or

polymers, by the orientation distribution function, ODF, of the
crystallites.

Textures are being formed by various physical processes such as

primary crystallisation, plastic deformation, recrystallisation,
phase transformation and rigid rotation. This is also quite
similar in all kinds of materials.

Finally, the texture is responsible for macroscopic anisotropies
of those physical properties which are crystal anisotropic. Also
this is quite similar in all kinds of polycrystalline materials.
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Inspite of these similarities, texture studies, especially quan-
titative ones, were mostly done in the basic metals. This is
mainly due to two reasons:

it Experimental texture measurements and ODF calculation
are more difficult in ceramics and polymers compared with
the basic metals.

The influence of textures on the materials properties be-
comes the accuracy-limiting factor only if the influences
of all other structural parameters are known and can be
controlled quantitatively. This situation was reached ear-

lier in metals than in non-metallic materials. Presently,
non-metallic materials are attracting considerable inte-
rest from the technological point of view and, hence, also
a considerable activity in fundamental research in these
materials takes places. This is the reason for the increa-
sing interest in texture studies in non-metallic materials
in the last years. Simultaneously, improved experimental
techniques and mathematical methods allow quantitative
texture studies also in "difficult" materials: Among these
methods the use of position sensitive detectors is to be
mentioned as well as more sophisticated methods of pole
figure inversion including the positivity of the distribu-
tion functions and ODF calculation from overlapped pole
figures.

Non-metallic materials mostly have lower crystal symmetries
than the basic metals. Hence, the anisotropy of many of their
physical properties is much stronger than in the case of metals.
Hence, the influence of texture on the macroscopic properties
of these materials is also stronger.

In ceramic materials the grain shape texture can be defined
additionally to the crystal lattice texture. If the grain shape
is crystallographically controlled then grain shape texture and
crystal lattice texture are related to each other.

In polymers the chain texture can be defined for the crystalline
and non-crystalline part. The chain texture of the crystalline
part can be deduced uniquely from the crystal lattice texture.
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As far as the anisotropy of physical properties is considered,
the low-order coecients of the series expansion, i.e. the low-
order momenta of the distribution function are sufficient.

In order to understand the physical process of texture forma-
tion the complete orientation distribution functions are neces-
sary.

All definitions of the texture, i.e. crystal lattice, grain shape,
or chain texture, are defined independently of the positions of
the crystallites (grains, or chains) in the polycrystalline mate-
rial. They do not contain information about the orientation
relationship of neighbouring "dements" in the material.

The orientation relationship of neighbouring crystallites in po-
lycrystals can be taken into consideration by the misorientation
distribution function, MODF or by similarly defined orienta-
tion correlation functions.
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